biomarkers (1) (2) (3) (4) (5) (6) . Among these, cytologic samples are very important for pathological diagnosis and gene mutation testing in advanced NSCLC, and have been recommended as suitable for epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK) gene testing by the College of American Pathologists, the International Association for the Study of Lung Cancer, and the Association for Molecular Pathology, with cell blocks being preferred over smear preparations (7) .
Pleural involvement with malignant pleural effusion (MPE) is a common manifestation of stage IV NSCLC. For many patients, MPE may be the only material available for diagnostic and molecular testing (8, 9) . Most MPE samples contain numerous tumor cells (high tumor content samples), which are not only sufficient for pathological diagnosis, but also ideal for driver gene status tests (10) (11) (12) . As the prevalence of ALK gene rearrangement is also more common in stage IV NSCLC, MPE samples may be appropriate for ALK gene rearrangement testing (13, 14) .
Based on the PROFILE 1007 (response rate 74%) and PROFILE 1014 (response rate 65%) clinical trials, crizotinib is recommended as first-line therapy for patients with ALK-positive NSCLC in the National Comprehensive Cancer Network (NCCN) Clinical Practice Guideline for NSCLC (15) (16) (17) . Routine methods for detecting the ALK gene status include fluorescence in situ hybridization (FISH), reverse transcription-polymerase chain reaction (RT-PCR), quantitative RT-PCR, next-generation sequencing (NGS), and immunohistochemistry (IHC) (18, 19) . In comparison with other techniques, staining of specimens with a mature IHC platform, the Ventana IHC ALK (D5F3) system, has been reported to detect ALK expression with high sensitivity and specificity, strong intensity, and high interpretation concordance between evaluators (20) . Although the Ventana IHC ALK (D5F3) platform was approved by the US Food and Drug Administration (FDA) for ALK gene expression testing in NSCLC patients in June 2015, in the 2016 NCCN guideline (version 4) for NSCLC, FISH is now the recommended method. IHC is stated to be a rapid prescreening method only, with an ALK-positive IHC result requiring confirmation by FISH (17) . Thus, more evidence on the testing of histological and cytological samples and therapeutic data are necessary to support the Ventana IHC ALK (D5F3) platform as a diagnostic tool for ALK gene expression and its recommendation in the NCCN guideline for NSCLC.
To determine the ALK gene expression status in MPE samples and the prediction of therapeutic efficacy of crizotinib in ALK expression-positive patients by using the Ventana IHC ALK (D5F3) system, a relatively large number of MPE samples (N=313) from Chinese patients with stage IV lung adenocarcinoma were collected and evaluated in this study. In 11 patients who were ALK expression-positive, tumor responsiveness data with crizotinib therapy were recorded.
Materials and methods

Patients and samples
A total of 313 pleural effusion samples were collected to diagnose adenocarcinoma consistent with an origin in the lung via a combination of IHC staining results and clinical information. All of the samples were obtained from patients from eight hospitals in Beijing between December 1, 2013 and June 30, 2015. Cell blocks were successfully prepared, and the tumor cell content in the cell blocks was sufficient to perform the subsequent gene abnormality tests. Data on the patients' smoking status were obtained and patients were classified as either "smokers" (those who had smoked >100 cigarettes per lifetime) or "never smokers" (those who had smoked <100 cigarettes per lifetime). The experimental use of human specimens for this study was approved by the Peking University People's Hospital Medical Ethics Committee. Written informed consent was obtained from all the subjects.
Cytologic pathological diagnostic procedures
Pleural samples of 100-500 mL were anticoagulated with heparin, and cytological smears were prepared to determine whether there were no tumor cells or a low or high content of tumor cells before formalin-fixed paraffin-embedded (FFPE) cell blocks were prepared. The low and high tumor content MPE samples were centrifuged (1,500 r/min, 10 min), fixed in 4% neutral formalin for 6 h, and embedded in paraffin.
Tumor cells in the FFPE cell blocks were detected by hematoxylin and eosin (HE) staining, and the cytologic blocks were then divided into three groups: no tumor cells, low tumor content (tumor cells <20%), and high tumor content (tumor cells ≥20%). IHC staining was then applied to differentiate the origin and pathological typing of cell blocks with low and high tumor contents. Reactive mesothelial cells (MCs) and malignant pleural mesothelioma (MPM) were ruled out by routine IHC staining for cytokeratin 5 (CK5), Wilm's tumor-1 protein (WT-1) and podoplanin (D2-40) (biomarkers of mesothelial cell origin), and squamous cell carcinoma was ruled out by staining for P63 (a biomarker for squamous cell carcinoma). The biomarkers of lung adenocarcinoma tested for were CK7, thyroid transcription factor-1 (TTF-1), and napsin A. If the MPE was the first symptom that appeared, paired box 8 (PAX8) and caudal-type homeodomain transcription factor 2 (CDX2) for male patients and estrogen receptor (ER), progesterone receptor (PR), PAX8 and CDX2 for female patients were added to the antibody panel. For a pathological diagnosis of TTF-1-negative and napsin A-negative lung adenocarcinoma in MPE samples, MPM and adenocarcinomas from other organs were ruled out by IHC staining and by imaging data showing definite lung-occupying lesions.
Detection of ALK protein expression by IHC
FFPE cell blocks from the 313 MPE samples were stained by IHC with an anti-ALK monoclonal antibody (D5F3, Roche) and tested for ALK protein expression with the OptiView ® DAB IHC Detection kit and the OptiView ® Amplification kit (Ventana Medical Systems, Inc., Tucson, AZ, USA). In accordance with the manufacturer's instructions, FFPE sections (4 μm thick) were prepared for IHC staining, which was performed automatically using the Ventana BenchMark XT Stainer (Ventana Medical Systems Inc., Tucson, AZ, USA). The IHC stains were evaluated for ALK expression by two pathologists (DGL and ZW) who were trained to identify only strong cytoplasmic granular staining in tumor cells.
Detection of ALK rearrangement by FISH
All Ventana IHC ALK (D5F3)-positive MPE samples were also tested by FISH, which was carried out using the ALK Break Apart FISH Probe Kit (CytoTest Inc., USA). FFPE cell block sections (4 μm) were prepared for FISH staining according to the manufacturer's instructions. Positive cases were defined as those presenting split signals [5'-part (green fluorescence) and 3'-part (red fluorescence) signals were regarded as split when the separation distance was greater than 2 fluorescence signal diameters] or an isolated red signal in more than 15% of tumor cells. At least 50 tumor cells in each section were analyzed. Any atypical ALK FISH signal patterns were interpreted as negative signals. An "indefinite" ALK fusion status by FISH was judged when the cytologic samples were low tumor content (less than 20% in cytologic sections), tumor cells mingled with MCs and inflammatory cells, and differentiation of tumor cells from MCs and accurate calculation of the ratio of positive cells in the analyzed tumor cells were problematic in the dark fields of the fluorescence microscopy.
ARMS for EGFR mutation analysis
Screening for wild-type EGFR 18-21 exons in the 313 MPE samples was performed using the amplification refractory mutation system (ARMS). The ADx EGFR Mutations Detection Kit (Amoy Diagnostics, Xiamen, China) was employed to perform this analytical procedure. This kit covers 29 EGFR mutation hotspots from exons 18 to 21, consisting of G719X (3 types), 19 deletions (19 types), 20 inserts (3 types), T790M, S768I, L858R and L861Q. Real-time direct sequencing PCR experiments were carried out using the ABI 7500 Fast PCR system (Applied Biosystems Inc., CA, USA). The Ct values used to determine whether a sample was positive or negative were based on extensive validation.
Statistical analysis
All statistical analyses were performed using SPSS Statistics software (Version 13.1; SPSS Inc., Chicago, IL, USA). Pearson's χ 2 test and Fisher's exact test were performed to analyze variables. P<0.05 was considered statistically significant.
Results
Clinicopathological characteristics of the patients
The 313 pleural effusion samples were obtained from 163 females and 150 males aged 21 to 92 years (mean age, 64.19±13.14 years); 195 patients (62.3%) were ≥60 years old, and 118 (37.7%) were <60 years old. A smoking history was recorded in 132 patients (42.2%), while 181 (57.8%) had no smoking history. The pleural effusion samples were obtained following the first appearance of symptoms in 217 patients (69.3%), and in 196 cases (62.6%) they were only samples obtained for pathological diagnosis and gene status tests.
The clinicopathological characteristics of the patients according to whether they were Ventana IHC ALK (D5F3)-positive or -negative are summarized in Table 1 .
Diagnosis of FFPE pleural effusion cytologic samples by IHC staining
All of the FFPE pleural effusion samples from the lung adenocarcinoma patients (100%) were CK7-positive, and 275 (87.9%) were identified as TTF-1 and/or napsin A expression-positive by IHC staining (Figure 1) . Nine (2.9%) of the cytologic samples co-expressed P63 diffusely or focally. In 38 cases who were TTF-1-and napsin Anegative, imaging data revealed occupying lesions in the lung, and all 38 were CK5, WT-1, D2-40, P63, PAX8, and CDX2-negative and, in females, ER-and PR-negative as well. All 27 cytologic Ventana IHC ALK (D5F3)-positive samples showed positive expression of TTF-1, and 2 showed co-expression of P63.
ALK positive tests and clinicopathological characteristics
Ventana IHC (D5F3) analyses of ALK protein expression were successfully performed in all 313 of the FFPE pleural effusion cytologic samples. Ventana IHC ALK (D5F3)-positive results were identified by strong cytoplasmic granular staining in tumor cells, and 27 (8.6%) of the pleural effusion samples were ALK expression-positive. All of the positive signals were found to be strong and granular in the cytoplasm of adenocarcinoma cells, and they were homogeneous in staining intensity and extent ( Figure 2) . No heterogeneous tumor ALK expression was observed, even in low tumor content MPE samples. EGFR mutations were detected in 157 (50.2%) of the MPE samples. The Ventana IHC ALK (D5F3)-positive rate was 17.3% (27/156) in wild-type EGFR MPE samples. Simultaneous ALK expression and EGFR mutations were not detected in any of the 313 MPE samples.
All 27 Ventana IHC ALK (D5F3)-positive MPE samples were tested by FISH (Figure 2) . Of the 27 samples, 23 were interpreted as positive, and the percentages of ALK-positive nuclei in these 23 patients ranged from 20% to 66% ( Table  2) . Two patients (P9 and P20 in Table 2 , 3) were interpreted as FISH-negative. In these patients, next-generation sequencing was performed which confirmed the ALK fusion status, but the ALK rearrangement ratios were lower in these 2 patients. Results in the other 2 patients (P1 and P5 in Table 2 , 3) were interpreted as "indefinite". These 2 patients had low tumor content cell block sections, and it was difficult to differentiate tumor cells from MCs in the dark fields of the fluorescence microscope (Figure 2) . The ALK rearrangement interpretations of the FISH test results by the two pathologists (ZW and DGL) showed concordance.
The clinicopathological characteristics of the 27 Ventana IHC ALK (D5F3)-positive patients are shown in Table 2 . The mean age of these patients was 54.52 years old, whereas the mean age of the ALK (D5F3)-negative patients was 64.93 years old. The difference in the ALK-positive ratio between patients aged <60 years and ≥60 years was statistically significant (P=0.006; Fisher's exact test), as was the difference in the ALK-positive ratio between patients with wild-type EGFR and mutant-type EGFR (P<0.001; Fisher's exact test) ( Table 1 ). All 27 of the Ventana IHC ALK (D5F3)-positive patients were CK7-and TTF-1-positive, and 2 (7.4%) were also P63-positive. All 27 had wild-type EGFR gene.
Responses to crizotinib treatment
Of the 27 Ventana IHC ALK (D5F3)-positive lung adenocarcinomas patients, 11 received crizotinib therapy. The responses to crizotinib are summarized in Table 3 . The median Eastern Cooperative Oncology Group performance status (ECOG PS) score was 1 (range: 0-3) when crizotinib treatment was initiated; 9 patients received crizotinib as first-line treatment, while 2 patients had been treated previously (1 received critozinib as second-line therapy and 1 as third-line therapy). At the last follow-up date (June 30, 2015), 9 patients were still receiving crizotinib treatment. One patient (P9 in Table 2 , 3) died suddenly (due to pulmonary embolism or sudden cardiac death) after 3 months of treatment, and 1 (P5 in Table 2 , 3) discontinued treatment because of progressive disease after 2 months of treatment. The median follow-up time was 6.91 (range: 1-16) months. The median progression-free survival (mPFS) did not reach at the last follow-up date.
Among the 11 patients, 2 patients had complete response (CR) to crizotinib (follow-up time: 6 and 10 months, respectively), 5 had partial response (PR) (follow-up time: 1, 2, 3, 13 and 13 months, respectively), 3 had stable disease (SD) (follow-up time: 4, 6 and 16 months respectively), and 1 had progressive disease (PD) (follow-up time: 2 months) ( Table 3 ). No grade 3 or 4 adverse events were observed with crizotinib therapy. The CT scanning results before and after crizotinib treatment in some patients are shown in Figure 3 . 
Discussion
Metastatic tumors from lung, breast, gastrointestinal and ovarian cancers, and MPM are the most common tumors of pleural membranes and the major causes of MPE (21, 22) . The diagnosis of lung adenocarcinoma in MPE has been discussed in the literature (23, 24) . MPE samples are now commonly used for diagnosis and molecular testing of NSCLC patients at stage IV. They have proved to be an ideal sample type for EGFR mutation testing in NSCLC (25, 26) . However, ALK rearrangements are relatively lowfrequency mutations in NSCLC, and MPE samples for ALK gene status testing are not as well studied. Most published studies have focused on comparisons among the different assays. But this study investigated ALK expression in a relatively large number of MPE samples from patients with lung adenocarcinomas who were tested by the Ventana IHC ALK (D5F3) platform, and subsequent evaluation of the responsiveness to crizotinib (in 11 cases). The key findings of the study are: 1) the positive ALK expression rate was higher in MPE samples from patients with stage IV disease than from those with early stage lung adenocarcinoma; and 2) the use of only the Ventana IHC ALK (D5F3) platform to detect ALK expression may be sufficient to predict responsiveness to crizotinib, and thus other methods to verify the ALK status may not be necessary.
The positive ALK protein expression rate with the Ventana IHC ALK (D5F3) test platform was 8.6% (27/313 ) in the MPE samples tested in this study, and 17.3% (27/156) in the wild-type EGFR MPE samples. In some studies, EGFR mutations have been reported to be more common in pleural metastases and MPE samples than in primary tumors (27, 28) , while in other studies, KRAS mutations in MPE have been found to be lower than in primary tumors (29) . Data from a meta-analysis have shown a statistically significant increase in the frequency of EML4-ALK mutations in stage III-IV NSCLC in comparison with stage I-II disease (8.2% vs. 4.0%) (30). The positive ALK protein expression rate in MPE samples using the Ventana IHC ALK (D5F3) platform in our study is consistent with this meta-analysis. Moreover, there were no instances of ALK expression being detected simultaneously with EGFR mutations in the 313 MPE samples tested. Although there have been some previous case reports of the efficacy of ALK-tyrosine kinase inhibitor (TKI) therapy in patients in whom ALK protein expression was detected in MPE samples (31, 32) , we obtained efficacy data with crizotinib in a total of 11 lung adenocarcinoma patients who were Ventana IHC ALK (D5F3)-positive. Two patients had CR (2/11, 18.2%), 5 had PR (5/11, 45.5%), and 3 had SD (3/11, 27.3%). This result had approached the therapeutic efficacy of crizotinib for ALK-positive NSCLC reported in the PROFILE 1007 and 1014 studies. This suggests that crizotinib is effective in patients with advanced lung adenocarcinoma who are Ventana IHC ALK (D5F3)-positive in MPE samples. Our findings in a relatively large case series study of Chinese patients with advanced lung adenocarcinoma provide direct evidence of the relevance of ALK protein expression in MPE samples for predicting responsiveness to ALK-TKI therapy.
The Ventana IHC ALK (D5F3) test platform is both convenient and feasible for testing MPE samples, and shows high sensitivity (33, 34) . In this study, a comparison with FISH test results revealed that 4 patients were Ventana IHC ALK (D5F3)-positive but FISH-negative or "indefinite". The two FISH-indefinite results were in lowtumor content samples. We have discussed the possible reasons why low-tumor content MPE samples are not suitable for detecting ALK fusion by FISH in one of our previously published articles (35) , and why the two ALK IHC-positive/FISH-negative patients obtained a therapeutic response with crizotinib in another article (36) .
Although cell-transferred cytologic smears of lung adenocarcinoma were used for detecting ALK expression in a previous study (37), we recommend that FFPE cell blocks of MPE should be prepared, if possible, and the Ventana IHC ALK (D5F3) test platform should be used to test the ALK gene status in MPE samples. Ventana IHC ALK (D5F3) staining can show strong positive signals for interpreting the ALK gene status in even very low tumor content cell blocks of MPE samples (<10%). Interpretation of FISH tests results may also be a challenge with low tumor content MPE samples, as identification of cancer cells from MCs can be problematic in dark fields during fluorescence microscopy of MPE cell blocks.
Conclusions
In this study, the ALK gene status was tested in a relatively large number of MPE samples from Chinese patients with advanced lung adenocarcinoma, and the responsiveness to crizotinib was assessed in 11 Ventana IHC ALK (D5F3)-positive patients. The findings of the study could provide evidence of the relevance of Ventana IHC ALK (D5F3) testing of MPE samples for predicting the efficacy of ALK-TKI therapy. The responses achieved with crizotinib in the 11 patients suggest that this agent can be effectively used in advanced lung adenocarcinoma patients whose MPE samples are Ventana IHC ALK (D5F3)-positive.
